Pharmacological treatment for methamphetamine addiction will provide important societal benefits. Neurotensin receptor NTR1 and dopamine receptor distributions coincide in brain areas regulating methamphetamine-associated reward, and neurotensin peptides produce behaviors opposing psychostimulants. Therefore, undesirable methamphetamine-associated activities should be treatable with druggable NTR1 agonists, but no such FDA-approved therapeutics exist. We address this limitation with proof-of-concept data for ML314, a small-molecule, brain penetrant, β-arrestin biased, NTR1 agonist. ML314 attenuates amphetamine-like hyperlocomotion in dopamine transporter knockout mice, and in C57BL/6J wild type mice it attenuates methamphetamine-induced hyperlocomotion, potentiates the psychostimulant inhibitory effects of a ghrelin antagonist, and reduces methamphetamine-associated conditioned place preference. In rats ML314 blocks methamphetamine self-administration. ML314 acts as an allosteric enhancer of Author Contributions: This is a collaborative endeavor with significant contributions from multiple academic institutions and associated staff. It was initiated and designed through the NIH Molecular Libraries Initiative and in particular is the result of efforts from participating senior investigators including L.S.B., J.B.T., G.R.H., A.B.P., and M.G.C. Investigators at Duke University were primarily responsible for performing biochemical characterization studies in cellulo and animal studies with mice, investigators at Sanford-Burnham Medical Institute primarily responsible for chemistry and optimization of ML314 derivatives, and investigators at the University of Utah primarily responsible for performing animal studies in rats. All authors participated in the paper redaction and approval.
endogenous neurotensin, unmasking stoichiometric numbers of hidden NTR1 binding sites in transfected-cell membranes or mouse striatal membranes, while additionally supporting NTR1 endocytosis in cells in the absence of NT peptide. These results indicate ML314 is a viable, preclinical lead for methamphetamine abuse treatment and support an allosteric model of G protein-coupled receptor signaling.
Graphical abstract Keywords
addiction; allosteric; arrestin; dopamine; drug-abuse; GPCR; ML314; methamphetamine; neurotensin; receptor Methamphetamine (meth) use creates an enormous social and economic burden, with complications including illness, job loss, and crime 1, 2 . Identifying drugs active in the central nervous system that counteract undesirable meth associated behaviors is a high priority that is supported by the recognition that drug addiction is a brain disorder 3, 4 . Dopamine (DA) signaling in the ventral tegmentum area (VTA) of the brain has received considerable attention for its neurobiological role in mediating the reinforcing actions of drugs of abuse and the tridecapeptide, neurotransmitter neurotensin (NT), identified over 30 years ago 5 , has high affinity receptors densely expressed throughout the VTA. 6-Hydroxydopamine lesioning studies suggest the majority of them are located on DA neurons that are subject to NT regulation 6, 7 . NT is also a neuromodulator of DA transmission in the nucleus accumbens (NAc) and nigrastriatal pathways [8] [9] [10] [11] [12] [13] , and its influence on DARPP-32 phosphorylation is hypothesized as critical for the brain's response to psychostimulants 14 .
Neurotensin binds two G-protein-coupled receptors (GPCRs), NTR1 and NTR2 [15] [16] [17] [18] [19] [20] . This is important from a drug-development strategic perspective since GPCRs are historically druggable and signal through G protein and β-arrestin pathways that can be selectively modulated 21 . NTR1s are highly localized in specific brain regions whereas NTR2s are more widely dispersed, and the VTA and substantia nigra are the only two brain regions where significant concentrations of both receptors coexist 13, 22 . The peripheral administration of NTR1 peptide agonists produces behaviors exactly opposite the classical effects associated with psychostimulant abuse such as hyperactivity, cognitive deficits, psychotic episodes, and neurotoxicity. Importantly, NT peptides reverse meth induced hyperactivity, are cognitive enhancers 23 , display antipsychotic properties in animal models, and are neuroprotective [24] [25] [26] (for a comprehensive review see 27 ). In animal studies the NT peptide variant NT69L produced blockade of D-amphetamine induced locomotor activity and did not elicit tolerance 24, 28 . Collectively, these findings support the notion that NTR1 is a valid target for treating meth abuse 1 .
To date there are no FDA approved NTR1 drugs. Only a very limited number of NTR1 drugs have good central nervous system (CNS) penetration, and only the peptide NT69L and the small molecule antagonist SR142948 ever reached early clinical trials 29, 30 . Our goal to identify candidate NTR1 agonists for meth-associated addiction research via the Molecular Libraries Screening initiative led to the identification of ML314, a small molecule, brain penetrant, functionally selective β-arrestin agonist [31] [32] [33] [34] [35] [36] . Here we show in vivo that ML314 is also a promising preclinical lead that reduces hyperlocomotion in mouse models of psychostimulant use, decreases conditioned place preference (CPP) in meth sensitized mice, and reduces self-administration of meth in an appropriate rat model. As part of its mechanism of action, ML314 unmasks hidden NTR1 binding sites, producing in membranes a remarkable three-fold increase in their numbers.
Results and Discussion
ML314 is brain penetrant 35 , making it potentially applicable for modulating CNS behavioral phenotypes. Some synthetic, metabolically stable NT peptide analogs like PD149163 (PD) are also brain penetrant and PD in particular has demonstrated some antipsychotic-like efficacy that is mediated through CNS neurotensin receptors. In a rat model the repeated daily administration of PD produced an increase in baseline locomotor activity whereas its acute administration was shown to antagonize amphetamine's locomotor-activating ability 24 . DAT-KO mice provide a model of extracellular dopamine excess similar to what is encountered with amphetamine administration and we used these mice to compare PD to ML314 in inhibiting hyperlocomotion.
ML314 reduces locomotion in Dopamine Transporter knock-out (DAT-KO) mice
To assess the characteristic behaviors of the locomotor responses to treatment (PD, fig. 1A , and ML314, fig. 1B ), the data were analyzed using a minimum number of free parameters with Lorentzian or Gaussian (amplitude, center, width, and offset) fitting models rather than by assessing point by point differences between pairs of responses at corresponding times. The fits were qualitatively very similar but the Lorentzian model was marginally better.
Each compound was administered by intraperitoneal (i.p.) injection (arrows in figures) and each showed efficacy in countering hyperlocomotion for an extended period after administration (red fitted Lorentzian curves) in comparison to vehicle controls (blue fitted Lorentzian curves). Ghrelin receptor antagonists are also being investigated for their efficacy in countering addictive behaviors 37 and we assessed ML314's ability to potentiate the efficacy of the GHSR1a antagonist YIL781. Figure 1C shows that in the DAT KO mouse, ML314 at suboptimal concentrations of 5 mg/kg combined with the ghrelin receptor antagonist YIL781 was more effective than YIL781 alone in reducing hyperlocomotion (red versus green curve).
ML314 does not affect the wire grasping ability of C57BL/6J mice
Before measuring locomotion in inbred mice, we assessed them for a loss of neuromuscular control as a measure of possible sedating effects of ML314. We assessed the ability of C57BL/6J mice to grasp and hang onto a wire for up to 60 seconds 30 and 60 minutes after 20mg/kg ML314 (i.p.) administration. There were no observed differences between vehicle (n=12) and ML314 injected mice (n=22) at either 30 or 60 minutes post treatment, and all mice successfully completed the task.
ML314 reduces hyperlocomotion and Conditioned Place Preference in C57BL/6J mice exposed to methamphetamine
The DAT-KO model results indicate that ML314 may be applicable to an amphetamine model of drug behavior in which dopamine tone is increased. We assessed this with hyperlocomotion and conditioned place preference (CPP) studies ( figs. 2A-D) . The locomotion data are analyzed as described above using 4 parameter fits. In the presence of 2 mg/kg meth (i.p.), mice treated with 10-30 mg/kg of ML314 had locomotion displacement curves of lower amplitude than vehicle treated ones, a reduction that corresponds to a decrease in distance traveled (figs. 2A,B, (red) vehicle vs. (blue) ML314 co-treatment). Mice conditioned to show place preference for meth had a 30% reduction in this behavior when treated with ML314 (figs. 2C, D).
ML314 reduces self-administration of methamphetamine in rats
To simulate human meth abuse, we employed a self-administration paradigm in which meth is contingently administered by rats 1, 38 . The act of contingently administering meth produces distinctive regional neurotensin responses in the brain that differ from that of animals receiving noncontingent meth and these regional alterations are related to processes of self-administration 38 . We observed that ML314 pretreatment of rats trained to selfadminister meth by lever pressing ( fig. 2E ) significantly reduces operant behavior linked with 0.06 mg meth (i.v.) infusion per press over 4 hours from 59.1 ± 8.3 to 30.1 ± 8.7 events, whereas the behavior in rats not treated with ML314 was unchanged.
ML314 antagonizes G protein signaling
β-arrestins, as a functional consequence of their GPCR interaction, traffic with receptors to clathrin rich regions of membrane, coated pits, and endosomes. The more stable complexes concentrate in endosomes and are visible by fluorescence microscopy of β-arrestin tagged with green fluorescent protein (GFP) 39, 40 . Figure 3 provides a representative example comparing the respective abilities of NT and ML314 to translocate β-arrestin in NTR1 β-arrestin2/GFP containing U2OS cells. The induction of aggregates by ML314 ( fig. 3A , right panels) is evident compared to vehicle (left panels) and is comparable to the NT peptide response ( fig. 3A , middle panels). Supporting the finding that the ML314 response is mediated through the NTR1 are competition experiments in which the antagonist SR142948A blocks β-arrestin aggregate formation for the neurotensin peptide NT (8) (9) (10) (11) (12) (13) 35 , and at similar potency for micromolar concentrations of ML314 35 , and the related small molecule agonist ML301 ( fig. 3B left) that was also synthesized for this project 34 . We have observed using an aequorin calcium reporter and a ratiometric calcium assay that ML314 is unable to activate calcium through the NTR1 32, 35 . Binding of ML314 to either an allosteric or overlapping orthosteric receptor site 41 , however, might perturb NTR1-mediated Gq signaling ( fig. 3B right panel) . The data indicate that either of the two compounds, ML301 or ML314, reduces the Gq mediated calcium response of the full G protein agonist NT (8) (9) (10) (11) (12) (13) . ML314 is more efficacious and its behavior serves to demonstrate that while it is an agonist promoting NTR1/β-arrestin2 interactions, it functions much like a NTR1 antagonist at Gq signaling.
ML314 increases the number of NTR1 binding sites in cellulo
The absence of radiolabeled ML314 analogs precludes a direct assessment of its NTR1 binding characteristics. Consequently, we assessed this indirectly using 125 I-NT binding to NTR1 expressing membranes and the ability of ML314 to compete for 125 I-NT binding. Both NT and ML301 fully compete for 125 I-NT binding ( fig. 4A ). Most surprisingly, we observed a 7.5 fold increase of low picomolar 125 I-NT binding in the presence of ML314 rather than a displacement of radioactivity ( fig. 4A ). This increase also was observed in a ML314 concentration range, log(EC50) = -6.5 ± 0.45, where ML314 produces a NTR1 mediated recruitment of β-arrestin2.
Positive allosteric modulators (PAM) have already been identified for many GPCRs 42 , and those that increase orthosteric ligand affinity can recapitulate some characteristics of the ML314 dose response curve in figure 4A . For this very reason, PAMs are considered desirable leads for developing new therapeutic drugs targeting CNS disorders as their efficacy depends on the endogenous ligand 42 . However, most PAMs do not increase efficacy to anywhere near the degree observed here. To investigate the source(s) of the new binding sites, particularly to rule out enhanced nonspecific binding, we measured the extent to which the labeled ligand could be displaced by cold NT in the presence of increasing ML314 concentrations ( fig. 4B ). The data show a dose dependent increase in the enhanced 125 I-NT binding that was completely displaceable to background levels. These results indicate that the binding is specific and most probably NTR1 associated.
ML314 does not increase β-arrestin activity beyond that observed with neurotensin in cellulo
β-arrestins bind ligand-activated G protein coupled receptors, and once bound they facilitate clathrin-mediated receptor internalization. To determine if ML314 modulated either of these processes we measured dose dependent NT-mediated NTR1 internalization using a recently developed fluorogen activated reporter assay (figs. 4C and 4D) and NT-mediated β-arrestin2-GFP recruitment using a translocation assay ( fig. 4E) [43] [44] [45] . In contrast to the binding results, where ML314 increases receptor Bmax, the maximal absolute amount of endocytosed receptor is unchanged from that observed with NT alone ( fig.4C ). Likewise, the maximal amount of β-arrestin2-GFP recruitment is also unchanged. We did observe with 10 μM ML314, however, an expected increase in activity near zero NT concentration for both endocytosis and β-arrestin recruitment (figs. 4D and E) and a suggestion of a twofold enhancement in the EC50 for NTR1 endocytosis ( fig. 4D ). Figure 5A compares the nonspecific binding in the presence of cold NT and the NTR1 antagonist SR142948A of 3 H-NT to NTR1 receptors permanently transfected into U2OS cell membranes. The equality in slopes for the non-specific binding indicates that the displaced binding sites are in all likelihood due to the overexpressed NTR1. Figure 5B shows 3 H-NT saturation binding of the NTR1 expressing cell membrane in the presence and absence of ML314. In the presence of ML314 we observed a 2.8 ± 0.6 fold increase in associated Bmax and a 4.8 ± 2.1 fold increase in affinity with unitary Hill slopes, indicating a lack of cooperative binding as opposed to data for reconstituted liposomal dispersed NTR1 that are assumed to be dimers 46 . To demonstrate the relevance of these results to neuronal tissue we performed 125 I-NT studies in striatal tissue extracts from mouse brains. Figures 5C-E demonstrate an increase in Bmax in the presence of ML314 also occurs and is similar in magnitude to that observed in tissue culture cells.
ML314 increases the number of NTR1 binding sites in striatal membranes

ML314 displays some intriguing pharmacological properties
As NTR1 vs NTR2 selective 33 , ML314 possesses full efficacy in activating NTR1/β-arrestin interactions but almost no efficacy in activating NTR1/Gq mediated calcium signaling, thus functioning as a β-arrestin biased agonist 31, 32, 36 . It also acts like an allosteric compound at the NTR1, significantly increasing the binding of NT to the NTR1 receptor. Most significantly, it penetrates the central nervous system upon peripheral administration where it functions in vivo like a conventional NTR1 agonist by reducing negative behaviors in rodents modeling meth use. NT mediated NTR1 activity in the CNS is closely associated with the rewarding and motor pathways mediated by DA 47 . However, the complexity of this association has historically made it difficult to predict the in vivo efficacy of compounds regulating NTR1 activity 24, 30 . Thus, our promising behavioral findings that peripherally administered ML314 antagonizes hyperlocomotion in DAT-KO, meth sensitized C57B6J mice, CPP in C57B6J mice 48 , and rat meth self-administration provide compelling reasons for extending ML314 studies to animal models of drug extinction and reinstatement.
The biochemical data suggest that the in vivo mechanism of action of ML314 results from a combination of G protein signaling antagonism occurring in the presence of ongoing β-arrestin activation. Our observation that the orthosteric NTR1 antagonist SR142948A blocks formation of ML314-induced β-arrestin complexes and the absence of observed ML314-mediated G protein activity at the NTR1 35 indicate that ML314 is β-arrestin functionally selective. The increase in Bmax for NTR1/NT binding in the presence of ML314 also supports the notion that the NT binding site has at most partial identity with the ML314 site, and in this instance ML314 is acting as an allosteric modulator. However, we cannot rule out that after an ML314-induced arrestin/receptor complex forms, ML314 dissociates from the orthosteric site and is replaced by NT. A more potent and/or radioligand derivative of ML314 will be necessary to directly define the characteristics of its binding site.
While allosteric modulators are not at all unusual 42 , examples of allosteric compounds that increase Bmax to the degree we observed are much rarer. Recent examples are metal ion chelators that bind the chemokine receptor CCR1 and increase the Bmax of 125 I-CCL3 by up to 3 fold, (see Table 2 in 49 ) , and the modulators Org 27569 and PSNCBAM-1 that promote a twofold increase in saturation binding of 3 H-CP55940 in membranes containing the CB1, (see Table 4 in 50 ). Previous observations also include an effect of changes in sodium ion concentrations from 3 to 150 mM that increase the Bmax of 3 H-raclopride binding to the dopamine D2 receptor in rat striatal membranes by 1.47 ± 0.05 fold 51 . Crystallographic studies with the A2A adenosine receptor indicate the allosteric effect of Na + on GPCR binding is strongly regulated by an aspartic acid residue conserved in the second transmembrane domain of many GPCRs. This aspartic acid presumably regulates the high affinity state conformation between ligand, receptor and G protein 52 .
Allosterism underlying ML314 changes in Bmax
Many studies support a classical model of allosterism in which proteins assemble in plasma membrane oliogomeric complexes, dimers being a minimal conformation [53] [54] [55] . For receptors in these configurations, conventional binding experiments with the endogenous ligand may underestimate total receptor expression, Bmax, if the number of receptors forming an oliogomeric receptor complex is greater than the number of functioning orthosteric binding sites in the complex in the presence of G proteins. The observed ML314-mediated Bmax increase for NTR1 strongly suggests a behavior conforming to a Monod, Wyman, and Changeux (MWC) model of allostery of protein arrays 56 . Within this picture of cooperative protein interactions and with a few additional symmetry considerations, we can construct a simple model of receptor organization that predicts allowed increases in Bmax (figure 6).
We begin by assuming that (a) the smallest functional receptor signaling unit is a protomer (which could be a monomer, dimer, or higher ordered structure), (b) the more basic allosteric signaling complexes express higher degrees of symmetry and in the most fundamental case all sites are equivalent, and (c) the breaking of symmetry in a large oliogomeric complex results in a new signaling entity. Thus, for dimer protomers ( fig. 6A ) in which only one site initially binds ligand, the possible observed increases in Bmax, which we term mRn, (m = number of binding sites per protomer, n = number of sides of a basic polygonal unit) are limited to a single value, namely 1R2 = 2:1. By extension, for an n-gon (n sided polygon) of these protomers 1Rn is a value from the sequence (2n):1, (2n):2,…, (2n):n ( fig. 6B ), and the possible choices for 1R6 are 12, 6, 4, 3, 2.4 and 2.
How array symmetry is broken further restricts allowable values of mRn. Figure 6C shows a hexamer complex of repeating dimer protomers in which symmetry is broken by linear polarized arrays of G proteins (see reference 57 figure 1a and reference 58 figure 3c respectively for these types of orderings). Multiple sites of 2 protomers perpendicular to the G protein array are unavailable and for the remaining sites all filled 1R6 equals three. Similarly, for dimer protomers with two sites bound and the same symmetry breaking configuration 2R6 equals 12:8 or 1.5. This symmetry construction offers a G-protein-based explanation for the allosteric enhancements in Bmax discussed above. For the NTR1 it agrees with observations that rhodopsin forms hexamer arrays 57 , that transducin forms polarized linear arrays 58 , and that arrays of rhodopsin dimer protomers signal 54 . Moreover, every protomer of an array, irrespective of initial position, has a potential to signal due to the turnover of the entire complex that is regulated by G protein coupled receptor kinase and arrestin activities, and in the case of arrestins the stoichiometry with receptors reverts to 1:1 59 .
Biologists have had considerable success in modeling GPCR behavior by treating receptors as monomeric signaling entities. While this concept works generally well to explain logistic responses for basic biochemical assays, it fails to address fundamental questions of signal transduction concerning if and how receptors cooperatively assemble into localized or extended G-protein dependent, macromolecular arrays of signaling units. By no means are these just contemporary issues arising from current interests in receptor hetero/homodimerization. Martin Rodbell almost four decades ago postulated oligomeric signaling complexes composed of receptors and dynamic arrays of G proteins 60, 61 . Other than for rhodopsin, direct imaging of plasma membrane GPCR assemblies will require new or improved technologies to supplement older methods that probed signaling arrays for protein sizes but not spatial relationships 62 . Our findings here provide a pharmacologic test for evaluating oligomerization by using compounds that unmask a quantized number of receptor orthosteric binding sites presumably blocked by allosteric constraints of the signaling array.
Conclusion
Current drug treatments of GPCR-related diseases emphasize exposing orthosteric receptorbinding sites to saturating levels of agonist or antagonist drugs to correct signaling abnormalities. While these strategies can restore signaling toward their desirable ranges, they lack the regulatory subtleties provided by endogenous ligands, and in many instances lead to undesirable therapeutic consequences. Thus, drugs that affect receptor signaling in a more limited manner, for example either through preserving endogenous ligand activity or by selective downstream pathway activation, may minimize problems associated with typical pharmacotherapy. ML314 has characteristics of both a positive allosteric modulator and a β-arrestin biased agonist, but in addition it also displays antagonism for G protein signaling. This is intriguing from the perspective of a developmental drug. Allosterism and functional selectivity are clinically desirable and each alone is sufficient to serve as a basis for a new, therapeutic class of compounds.
Materials and Methods
Chemicals
YIL781, was purchased from Tocris Biosciences (Ellisville, MI). ML301 and ML314 were supplied by the Conrad Prebys Center for Chemical Genomics at the Sanford Burnham Prebys Medical Discovery Institute 34 .
β-Arrestin2 Translocation Assay
U2OS cells stably expressing β-arrestin2-GFP and human neurotensin receptor 1 (NTR1) were plated at a density of (4-8) × 10 4 /well in 35 mm MatTek (Ashland, MA) glass coverslip dishes. The cells were treated with 100 nM NT(8-13) or 10 μM of ML301/ML314 compound for 40 min, fixed in paraformaldehyde, and then examined on a Zeiss Axiovert 200 fluorescence microscope using a plan apochromat 40×/0.95 N.A. air objective. Images were analyzed using a wavelet algorithm to remove noise and low frequency background fluorescence. For the antagonist inhibition assay to check the specificity of translocation, the cells were pre-treated with serial concentrations of SR142948A for 10 min, and then supplemented with 10 μM ML301 or ML314, or 5 nM NT(8-13) for another 40 min. Cells were imaged as above and the number of fluorescence objects determined.
Apo-aequorin Calcium Assay
The assay was similarly performed as described 32 . HEK293 cells were used that expressed stably transfected NTR1 and a mitochondrial membrane localized apo-aequorin calcium reporter. Suspended cells were equilibrated with 5 μM Coelenterazine H for 2 hours by shaking at 160 rpm in a dark 37°C incubator. Ten minutes prior to measurements, cells were pre-treated with vehicle or with 10 μM of ML301 or ML314. Measurements were made by injecting approximately 50,000 cells into a well of a white OptiPlate (PerkinElmer; Waltham, MA) containing a fixed concentration of the neurotensin peptide fragment NT(8-13). Luminescence was recorded for 15 seconds using a Mithras LB940 luminescence reader running MikroWin2000 software (Berthold Technologies, Oak Ridge, TN) (N = 3).
NTR1 Binding in U2OS Membranes
U2OS cell membrane assays were carried out using 15-30 μg of membrane protein per point from cells stably expressing NTR1 receptors. Briefly, NTR1-U2OS cells were grown to confluence in 150 mm dishes, washed once with cold PBS, and detached using a cell lifter in 3 ml of assay buffer (50 mM Tris, 0.1% BSA and Roche protease inhibitors, pH 7.4). The cell suspension was disrupted over ice using a Teflon® glass homogenizer. To remove tissue debris and nuclei, the resulting homogenate was centrifuged at 1000 rpm for 10 min at 4 °C. Membrane protein was collected by subsequent centrifugation at 40,000 g for 20 min at 4 °C and stored at -80 °C until use. For experiments the cell membranes were further sheared by passing them repetitively through a 25G needle (2-3 times). The membranes were first incubated with neurotensin peptide, ML301, or ML314 at the indicated concentrations for 10 min on ice. 125 I-NT was added to 10 pM in each well for an additional hour of incubation in ice cold buffer. Binding reactions were terminated by filtration of membranes onto glass (GF/B -Whatman) filters using a 96 channel Brandel plate harvester, and this was followed by three rapid washes with cold 50 mM Tris-HCl buffer (pH7.4). Filter disks were transferred to scintillation vials and 4 ml Bio-Safe II scintillation cocktail was added to each vial. CPM of hot neurotensin were determined using a Packard 1900TR liquid scintillation analyzer. Each experiment was repeated at least three times with repetitions occurring on separate days.
NTR1 Binding in Striatal Membranes
Striatal membranes from DAT knockout mice were prepared as described in 50 mM Tris buffer containing 5 mM EDTA, and a Roche protease inhibitor cocktail at pH 7.4 and 4° C. 100 μg/well of membrane protein was pre-incubated for 10 min at room temperature with 1 μM cold NT or 1-10 μM of ML314 with quadruplicate determinations made per point. Following the addition of hot 125 I-NT to each well at 10 pM, the incubations were continued for 90 additional minutes. Binding was determined as above. Protein was determined for 100 μg membrane fractions using a BCA ® protein assay kit (Pierce, Rockford, IL).
Fluorogen Activated Protein Internalization Assay
The 5′-signal sequence of the leucine rich repeat G protein coupled receptor, Lgr5, and immediately following it, the single-chain antibody sequence of MarsCy1 were PCRamplified and overlap-exchanged into the N-terminus of the human neurotensin receptor 1 (PubMed Accession number NM_002531) 44, 45 . A LI-COR Odyssey® (LI-COR Biosciences, Lincoln, NE) system in the 700 nm channel was used for scanning MarsCy1 tagged receptors stained with the plasma membrane impermeant fluorescent compound SCi1 with focal offsets adjusted to match the focal plane of the plate. SCi1 was reconstituted in ethanol with 5 % acetic acid at 78 μM and utilized at approximately 1:4000 dilution. Live cells were incubated with 20 nM SCi1 for 5 minutes and then imaged. No washing was performed unless indicated. Receptor internalization was measured with a modification of the primary assay as described 44 . In brief, U2OS cells in 100 mm plates were transiently transfected on day 0 with the NTR1 plasmid using Lipofectamine 2000 via its standard protocol (Life Technologies, Carlsbad CA) and were split into 96 well plates on day 1 in 100 μL serum free media (MEM) supplemented with 10% FBS (ThermoFisher/GIBCO, Waltham MA). On day 2 the media was replaced with MEM containing 10mM HEPES and 1% Glutamax (ThermoFisher/GIBCO). On day 3 the cells were assayed for 1 hour at 37°C in 5% CO2 by replacing the media with 75 μL of an equivalent solution also containing the drugs, and at 1 hour the plates were immediately scanned after adding 25 μL of Sci1.
Preparation of ML314 for intraperitoneal injection in mice
Solutions for rats were prepared similarly to produce injection volumes of approximately 1 ml. We prepared 125 μL per 25 gram weight vehicle or 10, 20, or 30 mg/kg ML314 solutions for injection in mice as follows. ML314 powder (0, 2, 4, or 6 mg) dissolved in 20 μL of 100% tissue culture grade DMSO (Sigma-Aldrich, St. Louis, MO) was mixed with 20 μL of a 100% solution of Tween-20 (Sigma-Aldrich), followed by addition of picopure (reverse osmotic, deionized) water to a final volume of 1 ml yielding a 0, 2, 4, or 6 μg/ μL solution. Due to solubility limits for ML314, after a few minutes at room temperature the solution became somewhat milky and was used in this form for i.p. injection with a 28 gauge insulin syringe. All experiments with mice were approved in a protocol by the Duke University Institutional Animal Care and Use Committee and adhere to the National Academy of Sciences' Guide for the Care and Use of Laboratory Animals.
Locomotion
Locomotor activity was measured in an Omnitech Digiscan activity monitor (20×20 cm2; Accuscan Instruments, Columbus, OH) as described 34. Locomotor activity was measured at 5 min intervals.. To evaluate the effects of compounds on locomotor behavior, the mice were placed in an activity monitor for a 20 min habituation period, and afterwards injected with drug or vehicle, returned to the monitor, and locomotor activity was recorded over a period of 90 minutes. Treatments included one of the following drugs: PD149163 (1 mg/Kg), ML314 (5 mg/Kg), YIL781 (10 mg/Kg) or a combination of 5 mg/Kg ML314 and 10 mg/Kg YIL781. In methamphetamine sensitization experiments, C57BL/6J mice were first exposed to the activity boxes for 120 min, 4 d before the test. On day 1, mice were habituated to the activity box for 30 min, meth (2 mg/kg, i.p.) was then given, and activity was recorded for 120 minutes. The same group of mice was administered methamphetamine (2 mg/kg, i.p.) once per day for the next 4 consecutive days in home cages for a total of 5 days of daily treatment. The mice were not handled or treated for the next 4 days. On day 10, the mice were treated the same as on day 1; after a 30 minute habituation, meth (1 mg/kg, i.p.) was administered with or without ML314 (10-30 mg/kg i.p.) or ML314 15 minutes prior to the meth injection and activity was monitored. Displacement data were analyzed in GraphPad Prism using a Cauchy (Lorentzian) or Gaussian distribution with offset. The Cauchy model produced either equivalent or slightly better fits in all instances.
Conditioned Place Preference
Conditioned preference was measured in a three-chamber system (model ENV-3013, Med Associates, St. Albans, VT) with the two larger end chambers used for conditioning sessions. One of the two end chambers had bar flooring and black walls, the other had grid flooring and white walls, and the gray center chamber had solid flooring. On a pretest day 0, mice were first placed in the center chamber with the doors connecting the two end chambers open. The time spent in each of the three chambers was recorded for 30 minutes. Mice were treated with an (i.p.) injection of meth (2 mg/ml) on days 1, 3, and 5 and saline on days 2, 4, and 6. The mice were confined to an assigned end chamber post-injection for 30 minutes. Each mouse was confined to either the black or white chamber when receiving meth and to the opposite chamber when given saline the following day. To ensure that the assignment was unbiased, those mice that spent more than 60% of the 30-minute preconditioning period in one end chamber were assigned to the alternate chamber for meth injection; for the mice showing no chamber bias, meth treatment was randomly paired with end chambers such that equal numbers of mice received meth in each end chamber. On the test day, mice were assigned to vehicle or ML314 treatments (20 mg/ml, i.p.). 15 minutes after an injection the mice were allowed to explore the 3 chambers freely for 30 additional minutes. Data were expressed as the time spent in either the saline-or meth-paired chamber. Preference scores are calculated as the time spent in the saline chamber subtracted from the time spent in the meth chamber and divided by the total time spent in both chambers.
Wire Hang Test
10 week old, C57BL/6J mice were used with average body weights of 25g for males and 20g for females. On day one a mouse was placed upon a wire cage top, and the cage top was gently inverted so that the animal would grasp and hang from the wire. This was permitted for up to 60 seconds at which time the training ended and the mouse was returned to the home cage. Two mice that fell within the 60 second period of l training were retrained after a 10 minute rest. All mice successfully hung onto the inverted wire top for 60 seconds. On day two, the wire-hang test was at 60 minutes after receiving an i.p. vehicle injection (2% DMSO, 2% Tween-20 in H 2 O). On days three and four the test was repeated to 30 minutes and one hour respectively following a 20mg/kg ML314 (i.p.) injection. Data were expressed as the latency time in which the mouse lost its grip and fell from the wire.
Self-Administration of Meth in Rats
Sprague-Dawley rats were obtained from Charles Rivers Laboratories (Raleigh, NC). Animals were trained according to the paradigm described in Frankel et al 38 . All experiments were approved by the University of Utah Institutional Animal Care and Use Committee and adhered to the National Academy of Sciences' Guide for the Care and Use of Laboratory Animals. To improve aggregate definition, the upper panel images were subject to wavelet analysis using the in-house, computer software Waveprog 32 to remove high frequency noise and the low frequency blur arising from non-translocated, homogeneously distributed cytoplasmic β-arrestin2-GFP (corresponding lower panels). B. Competitive assessment of β-arrestin2 translocation to the NTR1 using the antagonist SR142948A in U2OS cells (left). The cells were pre-treated with the neurotensin receptor antagonist SR142948A for 10 minutes as described 35 , followed by the addition of 10 μM ML301 for 40 minutes and paraformaldehyde fixation. The number of cytoplasmic aggregated objects was determined using Waveprog 32 . Log(IC 50 ) for SR142948A inhibition of ML301 is -7.2 ± 0.13 (mean ± sem, N = 3 independent experiments). Assessing the effects of ML314 and the control compound ML301 on NT(8-13) calcium signaling (right). HEK-293 cells expressing NTR1 were equilibrated with 5 μM Coelenterazine H for 2 hours in the dark at 37°C. Ten minutes prior to the measurement, the cells were treated with vehicle, 10 μM ML301, or 10 μM ML314. Treated cells were injected into assay plate wells containing the neurotensin peptide fragment NT(8-13), and bioluminescence was recorded for 15 seconds following injection. Data fit to a sigmoid response using GraphPad Prism version 5 and are presented as mean ± sem. (Maxima, Log(IC50)) for NT (8) (9) (10) (11) (12) (13) Data points represent mean ± sem were fit using nonlinear regression to a sigmoid curve with a constraint that the "bottom" values of the NT ( ) and NT + ML314-1 μM ( ) fitted curves are shared. Top, bottom, and Log(EC 50) values for each curve were NT (1.01 ±.04, 0.050 ±.045, -9.34±0.13), ML314-1 μM (1.03 ±.04, 0.050 ±.045, -9.64±0.13), and NT ML314-10μM (1.00 ±.07, 0.49 ±.07, -9.48±0.29). Data represent N=4 independent experiments performed in triplicate. E. β-arrestin2-GFP translocation to NTR1 in U2OS cells was determined in the absence and presence of 10-20 μM ML314 that was added simultaneously with NT. Data points represent mean ± sem from N=4 independent experiments in duplicate NT alone)/ quadruplicate (NT and ML314) and were fit as in (D) with shared "top". Top, bottom, and A. U2OS cell membranes containing the NTR1 were incubated at room temperature in the presence of vehicle or 2 μM ML314, and increasing concentrations of 3 H-NT peptide.
Comparison of the nonspecific binding in the presence of 2 μM ML314 calculated with 1 μM cold NT peptide or 1 μM SR142948A. The (slopes per nM, intercepts) are: for cold NT, (44 ± 3, 10 ± 2) and for SR142948A, (39 ± 2, 10 ± 2); (mean ± sem, N=4). B. Relative specific binding for U2OS membranes calculated as total minus nonspecific binding where nonspecific binding was determined in the presence of 1 μM cold NT peptide. Calculated Bmax, Kd, and Hill slope are: Vehicle (0.40 ± 0.08, 8.1 ± 3.6 nM, 1); ML314 (1.12 ± 0.04, 1.7 ± 0.2 nM, 1), (mean ± sem, N = 5). C-D. These panels are representative of 125 I-NT specific binding to striatal membranes of DAT-KO mice. Tissue extracts from mouse brains were incubated in the presence of 10 pM 125 I-NT and with vehicle or ML314 to determine total binding. Non-specific (NS) binding was measured in the presence of cold NT peptide. Specific binding was then determined as Total minus NS. E. Brain membranes (100 μg/well) obtained from the striatum of DAT knockout mice were incubated in the presence of either 1 μM cold NT or the indicated concentrations of ML314 at room temperature for 10 min, at which time 10 pM of 125 I-NT was added for 90 minutes. The ordinate axis in counts per minute (CPM) represents specifically bound 125 I-NT. In each experiment the assays were conducted in quadruplicate and data are expressed as the mean ± sem (N = 4 separate experiments) and were analyzed using one-way ANOVA with Tukey's multiple comparison post-hoc test. Curve fitting and statistical analyses were performed using GraphPad Prism V5.04. Lattices of linear polarized G proteins (left, opposing arrows indicate monomer directionality) interact with and break the symmetry of a receptor hexamer array of receptor/ protomer dimers (middle) to form a hexagonal lattice of receptors polarized along the direction of the G protein lattice (right). Only two of three potential receptor dimer binding regions, the ones that are aligned along the G protein axis, can be occupied by either one or two ligands. This model predicts that for a hexagonal lattice in the presence and absence of an ML314 like compound that dissociates the dimers, the occupancy ratio of bound orthosteric ligand, Bmax (with ML314 like compound)/Bmax (without ML314 like compound), is either 3 or 1.5 (bound ligand increases from either 4 of 12 or 8 of 12 to 12 of 12 sites occupied in the dissociated receptors).
